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Different types of aluminium alloy based composites are being developed nowadays by using various types of the 
reinforcements to get better mechanical properties. In this research work, a new aluminium-copper alloy based composite 
reinforced with 5%, 7.5% and 10% of titania (TiO2) and zirconia (ZrO2) mixer have been fabricated and also investigated 
for mechanical properties like surface hardness, compressive strength, tensile strength and micro-structural characterization 
has been done by using microscope, energy dispersive spectroscopy, scanning electron micro-graph with X-ray elemental 
mapping and X-Ray powder diffraction. The new composite has been prepared by combining three processes like sand 
mould casting, temporary wax pattern and stir casting which has never been used before for casting. Design of experiment 
has been done by employing Taguchi L18 orthogonal array in this study. It has been found that all the three mechanical 
properties have been escalated due to reinforcement of abrasive particles in the base alloy and the improved results of Al/Cu 
composites in terms of percentage are 29.72% for hardness, 31.46% for tensile strength and 43.29% for compressive 
strength successfully achieved in this work. 
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Introduction 
Aluminium-copper metal matrix composites have 

been prepared by combining of three processes like 
temporary wax pattern, sand mold casting and stir 
casting have been used to prepare these composites.1 
For better surface finish, clay soil over the wax 
pattern has been used. It has been seen in Bengal that 
the clay soil is used to prepare idol of God and 
Goddess at the time of different festivals. The 
surfaces of these clay idols are very superior and this 
leads the idea to get a better surface finish of the 
product. Moreover, as the pattern is a wax pattern, 
after dewaxing, a layer of wax will be still remained 
on the inner surface of the mold and due to this, a 
better surface finish can be obtained.2 To support the 
clay mold sand mold casting has been used as this 
process is cheap and its parameters are easily 
controllable.  

In the modern era of materials, the application of 
metal matrix composites is extremely demanding due 
to its high strength range within a very low weight, 
and other important properties. There are many types 
of MMC like particle reinforced MMC, fiber 
reinforced MMC and polymer reinforced MMC etc. 

Aluminium metal matrix composites (AMCs) are 
widely used nowadays in aeronautical, electronics, 
and automobile industries because of their light 
weight, stiffness even though its strength is 
comparatively low.3 Moreover, aluminum alloys 
cannot be used in the production of compact heat 
exchangers even though it has a good thermal 
conductivity. Aluminium alloys also having relatively 
low corrosion and wear resistance property. These 
such properties can be enhanced by adding abrasive 
particles to the base matrix by maintaining the 
lightweight. It has been found that reinforcement 
particles can be mixed with metrics by various 
methods but the stirring process is the most common, 
as well as inexpensive process where various 
parameters can easily be controlled.4 Lot of research 
has been done to improve the physical and 
mechanical properties of aluminum alloy based 
composites by inforceing different types of abrasive 
particles of various sizes.5 Srivastava et al. has 
developed A359/Al2O3/B4C composite by wire 
electric discharge turning and abrasive water jet 
turning processes and its effect on the micro-hardness 
and micro-structure were evaluated.6 Ye et al. found 
that smaller particle size (10 µm) of SiC in aluminium 
metal matrix composite shows better yield strength 
than larger particle size (50 µm).7 They also showed 
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that increase in strain rate, results in the enhancement 
of yield strength. Nathan et al. investigated the 
mechanical properties of ZrO2 and SiC particle 
reinforced aluminium alloy composite and found that 
the impact energy, hardness, compressive strength 
and tensile strength, all these mechanical properties of 
the newly developed composites has increased with 
6% of SiC and 3% of ZrO2 reinforcements in the base 
matrix.8 From the literature review, it has been found 
that so many research work has been successfully 
carried out on aluminium matrix composite (AMC) 
development by using different casting processes with 
different abrasive particles like SiC, TiC, B4C, ZrO2,

TiO2 etc.9,10 However, no research work has been 
found on the mixture of titania (TiO2) and zirconia 
(ZrO2) reinforced aluminium and copper alloy based 
composites by combining three processes like 
temporary wax pattern, sand mold casting and stir 
casting. Moreover, different particle sizes of abrasive 
particles have also not been used together in any 
research paper for preparation of aluminium-copper 
metal matrix composites. This leads the idea to 
prepare a new aluminium matrix composite and study 
the different mechanical properties of it. In this study, 
aluminium 6063 has been chosen due to its wider 
applicability where copper has been blended with it to 
improve the density, strength, hardness and other 
thermal, mechanical or physical properties of the 
matrix. Zirconia (ZrO2) has good dispersion stability 
in the lubricant, high fracture toughness, high 
strength, high hardness, excellent wear resistance and 
excellent chemical resistance where titania (TiO2) has 
good chemical stability, non-toxicity and also low 
cost that’s why it is being used as a pigment, 
ointments, sunscreens, toothpaste, paints, sensors 
etc.11,12 ZrO2 and TiO2 are generally artificial synthetic 
abrasive which are refractory materials as well. If 
ZrO2 is reinforced in the base matrix, MMC occupies 
the enhanced creep resistance property as well as the 
enhanced fracture strength. And similarly, if TiO2 is 
used as a reinforced particle, MMC also occupies the 
enhanced corrosion resistance property and other 
mechanical properties. Moreover, ZrO2 and TiO2 are 
used to reinforce into the base matrix to improve the 
wear property of the prepared composite. This 
reinforcement supports the applied load by resisting 
surface deformations in the dry sliding and abrasive 
wear conditions. Qiao et al. have developed AZ91 
MMC reinforced with SiCp to check the 
microstructure and mechanical properties of it and 
found that the mechanical properties of the composite 

are depend on the microstructural properties.13 The 
microstructure has been modified by using heat 
treatment of the composite which improve the 
mechanical properties.14 The kinetics of Mg17Al12 has 
been improved by doing heat treatment of these 
composite.15 3D appearance of the array of 
component molecules in composite can be found by 
SEM micrograph and the elemental percentage of the 
composite can be found by Energy Dispersive 
Spectroscopy (EDS).16 Jain et al. examined the 
microstructural properties of the prepared composite 
by using SEM, which shows homogeneous 
distribution of reinforcement particles in the base 
matrix. To find the percentage of different elements in 
the composite EDS has been performed. XRD test has 
been performed to know about the intermediate 
phases.17 Abbas and Huang have used SEM and 
universal testing machines (UTM) to check the 
microstructure, fractography and mechanical 
properties of ECA Ped composites.18  

Wu et al. have described the metal fracture 
phenomenon and deformation of A359/SiC MMC by 
using a microstructure based model. They found that 
the microstructure-based model can provide the 
knowledge of major material deformation and failure 
mechanisms.19 Fayomi et al. have developed ZrB2-
Si3N4 reinforced AMMC by using stirrer mechanism 
to check the microstructural, mechanical and 
electrical properties of the composite. They also 
investigated the distribution of the particles in the 
matrix by using optical microscope, SEM and EDS 
and got uniformity with no visible porosity.20 
Therefore, in this present work, an attempt has been 
taken to study the mechanical properties like surface 
hardness, tensile strength, compressive strength and 
micro-structural characterization of Al-Cu matrix 
composites prepared with hybrid solute. These 
composites have been prepared by combining three 
processes like temporary wax pattern, sand mold 
casting and stir casting, a mixer of ZrO2 and TiO2 

abrasive particles with different particle sizes.  

Experimental Procedure 
For the casting process, first of all a wax pattern is 

produced which is of 5×5×5 cm3 size and the wax is 
to pour in to some boxes of same size by melting of 
that wax. After getting all the wax patterns, a layer of 
clay soil has been applied on the surface of those wax 
patterns. Once the clay mold is prepared, the wax 
pattern is melted out from the mold. As the strength of 
the clay mold is very low, to support it, the mold is 
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placed in a sand mold. The mold material has been 
prepared with 80% of silica and brick powder mixer, 
10% of different types of binder, 7.5% of water and 
2.5% of coal dust respectively and all of these have 
been mixed manually. In this present work, starch has 
been used as binder and coal dust as an additive to 
prepare the mold sand. The mold has two parts cope 
and drag. A wooden pattern is put in the drag part of 
the mold and the mold sand is then used to fill the 
mold boxes. Hammering is done to make the mold 
more compact. The Cope and drag parts are filled and 
prepared separately. After that the pattern is puled out 
from the mold very carefully so that a clear 
impression can be established on that part. Now the 
cope part is positioned on the drag, thus the mold has 
been prepared. After the preparation of the mold the 
molten mixer of aluminium alloy, copper and the 
hybrid abresive has been poured to the cavity through 
the sprue of the cope. As dicussed above the mold has 
been prepared by mixing sand and brick powder as a 
result the permeability of the mold has been increased 
which permits rapid flow of heat through the mold 
and accordingly the cooling of the molten metal gets 
faster. Due to this, the mechanical properties of the 
casted products improved. Moreover, the strength of 
brick concentrated mold is higher than the sand mold. 
The high temperature chemical reactivity of the brick 
powder mold is also lesser than the green sand mold. 
The Brick Powder Size used in this study is 30 AFS 
(595 micron) and Sand Particle Size used in this study 
is 80AFS (177 micron). The wax pattern, clay soil 
mold and sand mold have been used in this study for 
better surface finish of the casted product and these 
are easily available in the local market at a minimum 
cost. Moreover, as the inner surface of the mold is of 
clay soil, it does not react with the developed 
composite and also protect the Al-Cu based composite 
from chemical reaction with different gases present in 
the environment. 

After that, the crucible is placed into the induction 
furnace and copper pieces are put in it. Slowly the 
temperature of the induction furnace rose up to 
1100ºC and within 15 minutes the copper was melted 
to its liquid form. Then, aluminium is added to the 
molten copper and mixed with the help of stirrer. 
After preparation of the molten base alloy, it was kept 
for five minutes. Meanwhile, the hybrid abrasive 
particles reinforced into the base alloy with the help 
of a stirrer mechanism. Then, the preheated hybrid 
abrasive has been poured in to the crucible of molten 

aluminium copper mixer and stir it for various level of 
stirrer times as per the design of experiment (DOE). 
Taguchi L18 orthogonal array has been used as a 
DOE in this present study. The different levels of 
stirrer time like 12 minutes, 7 minutes and 5 minutes 
have been chosen based on the trial run. The proper 
distribution of the reinforcement particles into the 
base metal is fully depends on stirrer time. If stirrer 
time increases, the probability of proper distribution 
of the reinforcement particles into the base metal also 
increases. Thus, stirrer time is very much needed 
during this casting process. Other stir casting process 
parameters like; shape and size of the stirrer, depth of 
stirrer and stirring speed were kept constant like the 
shape of the stirrer is U which is deepen 4 inch from 
top, the width and height of the stirrer is 3 cm and 
5 cm respectively and the speed of the stirrer is 
450 rpm. After the proper mixing of the aluminium 
alloy, copper, zirconia and titania, the molten mixer 
has been proceeded to the cavity and leaves it for few 
minutes for cooling of the product. Cooling is 
required for any type of casting process for 
solidification purpose to get the final product. 
Generally cooling process has been done at normal 
room temperature for solidification. Different cooling 
time has been used for different types of casting 
processes as per the design of the products and other 
requirements. During casting process, cooling time 
plays a very vital role because the grain size of the 
casted product fully depends on this cooling time. If 
cooling time increases, grain size will be coarse and if 
decreases, grain size will be fine. Thus, based on this 
theory and literature survey, the cooling times have 
been chosen in this study and cooling has been done 
at room temperature only. The input parameters and 
their different levels for experimentation are given in 
Table 1. A mixed level L-18 orthogonal array has 
been chosen for this present work which is given in 
Table 2.(21) All the value of the input parameters has 
been chosen based on the trial run. The experimental 
results of mechanical properties are also given in 
Table 2. For the present study three different sizes of 
abrasive particles have been used to make the 
composite single particle size (SPS), double particle 
size (DPS), triple particle size (TPS). In case of SPS 
10 µm of both the abrasive particles have used to 
produce the MMC. In case of DPS, mixer of 10 µm 
and 30 µm of both of the abrasive particles have used 
as a result quantity of abrasive particles is greater in 
case of DPS than the SPS per unit weight/volume. 
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TPS particle size has the more quantity of particles 
per unit weight or volume as it consists of 10 µm, 
30 µm and 50 µm sizes of abrasive particles.  

Performance Measures for Surface Hardness, Tensile 
Strength and Compressive Strength 

Hardness is defined as the resistance to the plastic 
deformation of a material by indentation. However, 
the term may also be referred to stiffness or temper or 
scratching, abrasion, cutting or machining.22 On the 
other hand, micro-hardness testing is a technique for 
determining the hardness of a material on a 
microscopic scale. There are several methods to 
measure the micro-hardness. In this present work, 
Vicker hardness test method has been applied to 
measure the micro hardness of the specimens. Five 
readings have been taken on one specimen at different 
positions and the average value has shown in Table 2 
as per the Taguchi L-18 orthogonal array.  

It has been clearly observed from the Table 2 that 
experiment no. 14 shows the better result for surface 

hardness within this range of study. The parameter 
setting for the experiment no. 14 was 10% of binder, 
30% of ZrO2+ 70% of TiO2, 7.5% of abrasive mixed 
with base alloy, 54% of Cu mixed with AA-6063, 
single particle size, 7 minutes of stirring, 50% of brick 
powder to prepare the mold and 40 minutes cooling 
time respectively.  

The tensile test (Fig. 1) has been done by using 
Universal Testing Machine (UTM) and the samples 
have been prepared by maintaining ASTM E8 
standard. From Table 2, it has been observed that the 
tensile strength is varying from 207 MPa to 274 MPa 
for the Al-Cu alloy composites. The measured values 
of tensile strength for all the 18 samples have been 
listed in Table 2. 

The compression test has been done by using 
Universal Testing Machine (UTM) and the samples 
have been prepared by maintaining ASTM E9 
standard. The test has been carried out at 2000 N/Sec 
load rate to check the compressive strength property 
of the composites. From Table 2, it has been clearly 

Table 1 — Input parameters and their levels 

Sl. No. Parameters Level 1 Level 2 Level 3 
A Binder (%) 5% 10% —
B Abrasive Composition (ZrO2:TiO2) 50:50 30:70 70:30
C Abrasive (%) 5% 7.5% 10%
D Weight Percentage of Copper (%) 20% 33% 54% 
E Abrasive Size SPS DPS TPS
F Stirrer time (min) 5 7 12 
G Brick powder (%) 50% 25% 0% 
H Cooling time (hour) 0.33 0.50 0.667 

Table 2 — Modified L-18 orthogonal array 

Ex. 
No. 

Binder 
(%) 

Abrasive 
Composition 
(ZrO2:TiO2) 

Abrasive 
(%) 

Copper 
(%) 

Abrasive  
Size  

(SPS, DPS, TPS) 

Stirrer 
time 
(min) 

Brick 
powder 

(%) 

Cooling 
time  

(hour) 

Hardness 
(HV) 

Tensile 
Strength 
(MPa) 

Compressive 
Strength 
(MPa) 

1 1 1 1 1 1 1 1 1 81.75 263 654 
2 1 1 2 2 2 2 2 2 85.14 233 649 
3 1 1 3 3 3 3 3 3 98.2 256 668 
4 1 2 1 1 2 2 3 3 79.27 264 656 
5 1 2 2 2 3 3 1 1 93.27 226 652 
6 1 2 3 3 1 1 3 3 96.61 261 665 
7 1 3 1 2 1 3 2 3 80.01 243 648 
8 1 3 2 3 2 1 3 1 87.35 221 662 
9 1 3 3 1 3 2 1 2 83.67 267 651 

10 2 1 1 3 3 2 2 1 88.75 212 658 
11 2 1 2 1 1 3 3 2 85.95 266 670 
12 2 1 3 2 2 1 1 3 81.89 250 650 
13 2 2 1 2 3 1 3 2 87.46 234 673 
14 2 2 2 3 1 2 1 3 101.99 229 642 
15 2 2 3 1 2 3 2 1 85.27 271 639 
16 2 3 1 3 2 3 1 2 88.85 207 669 
17 2 3 2 1 3 1 2 3 80.31 274 618 
18 2 3 3 2 1 2 3 1 81.69 241 637 
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observed that the compression value is varying from 
618 MPa to 673 MPa for the Al-Cu alloy composites. 
The measured values of compressive strength for all 
the 18 samples have been listed in Table 2.  

Results and Discussion 

XRD Analysis 
On the top surface of one developed sample, the 

XRD analysis has been done to confirm the presence 
of aluminium, copper, ZrO2 and TiO2. From the XRD 
analysis, the peaks of aluminium, copper, titania and 
zirconia are found along with the peaks of inter 
metallic phases Al2Cu, Al2CuMg, AlCu, Cu2O, CuO, 
Al2O3 and Al2Cu9.

(23) The XRD plot of developed 
sample is shown in Fig. 2. 

Scanning Electron Microscopy Analysis 
The SEM image of the tensile test specimen is 

shown in Fig. 3(a). It is found that due to shearing 
ductile failure is occurred in the composites; as a 
result of this Dimples are formed. Existence of voids 
in the form of pores is also found along the surface of 
the aluminium 6063-Cu alloy. Generation of crack in 
the MMC can be minimized by reinforcing abrasive 
particles in it. These cracks also characterized by the 
existence of smaller dimples. 

Quasi-cleavage appearances can be found in the 
figures. The quasi-cleavage fractures are seen in this 
research are very similar to those reported by Nagao et 
al.24 According to Huang et al. ductile tearing, micro-
void structures and dimples are ductile fracture features 

which can be observed in the above figures. The fracture 
of the dendrites in the material belongs to ductile 
fracture.25 Lynch stated that quasi-cleavage can be found 
along the martensite lath boundaries or across martensite 
laths.26 According to him quasi-cleavage surface is the 
resultant of crack growth across boundaries of 
martensite laths or along the interface which can be 
considered as smooth surface features, and did not show 
prominent grain boundaries.  

A “river like pattern” of radiating lines is come in 
existence due to cleavage mechanism. This is a 
characteristic of brittle fracture mechanism.  

Fig. 1 — Tensile Strength specimen: (a) before test, (b) after test 

Fig. 2 — XRD plot of developed sample 

Fig. 3 — SEM images of a developed sample at different
magnification: (a) 4000x, (b) 16000x  
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Energy Dispersive Spectroscopy Analysis
Energy dispersive spectroscopy (EDS) of one of 

the newly developed composite sample also confirms 
the presence of constituents of TiO2 and ZrO2 inside 
the aluminium 6063 and copper alloy matrix. 
Spectrum of EDS has been shown in Fig. 4(b). 
In Fig. 4(b) the presence of Aluminium (Al), 
Copper (Cu), Oxygen (O), Zirconium (Zr), Titanium (Ti) 
etc. respectively inside the matrix has been shown. 
The spoted area shown in the left side has been 
selected for EDS spectrum which is Fig. 4(a). 
Obtained EDS spectrum shows different elements 
have been shown in Fig. 4(c). 

Taguchi Analysis  

The results obtained in Table 2, have been taken 
for signal-to-noise ratio (S/N) analysis. The S/N ratio 
plot for surface hardness, tensile strength and 
compressive strength of the composite has shown in 
Fig. 5 (a), (b) and (c) respectively. In case of Taguchi 
analysis, the high levels S/N ratios of related factors 
are considered to be optimal irrespective of the 
selected quality characteristics for cach responses.  

Taguchi Analysis of Surface Hardness 
Density of reinforcement particles, proper 

distribution of reinforcement particles, rate of 
solidification and less porosity are few major 
influencing parameters for the mechanical properties 
of composites.27 The S/N ratio plot for surface 
hardness is depicted in Fig. 5(a). The reason behind 
getting parametric level for the better value of 
hardness is as below: 

1. From the figure, it has been observed that for the
both levels of binder the hardness value is almost
same. Increase the wt% of binder increases the
collapsibility of the mould which leads to increase
in hardness of the casted product.28 Lack of

collapsibility can introduce crack formation due 
to which tensile strength can decrease. Besides 
use of 5% of binder to make the mold, increases 
its compactness and if compactness increases 
slow cooling takes place which results better 
hardness value of the casted product. 

2. The highest hardness value is given by 30% of
ZrO2+ 70% of TiO2 as the micro-hardness of TiO2

is greater than the ZrO2. As a result this
combination is showing the highest micro-
hardness value. It has been observed from the
Orowan strengthening mechanism, presence of
reinforcement particles raise the load bearing
capacity of the fabricated composite and this
phenomenon prevents the movement of
dislocations which restrict the plastic deformation
of the material. This is why the figure is showing
that increase in wt% of ZrO2 decreases the
hardness value of the composite.

3. The highest hardness is given by 7.5% of hybrid
abrasive. The highest percentage used for this
present work was 10% but at the time of stirring
clustering of the abrasive has been found when
percentage of abrasive has been increased and due
to this hardness of the composite decreases. In the
figure it is shown that from 5% to 7.5% of
abrasive particle increases the hardness value but
further addition of abrasive particles decreases the
hardness this is due the crack propagation and
formation of porosity.

4. Better hardness value is given by 54% copper
with aluminium as hardness of copper is 37.63
HV and for aluminium is 17.03 HV. So it is
obvious that higher percentage of copper will give
higher hardness value.

5. In case of SPS 10 µm of both the abrasive
particles have used to produce the MMC. In case

Fig. 4 — Spot EDX of one of the developed sample: (a) Spectrum of EDS, (b) presence of different constituent elements,
(c) EDS spectrum showing different constituent elements
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Fig. 5 — Signal to noise ratio graph for (a) Hardness, (b) Tensile Strength, (c) Compressive Strength 
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of DPS, mixer of 10 µm and 30 µm of both of the 
abrasive particles have used as a result quantity of 
abrasive particles is lesser in case of DPS than the 
SPS per unit weight/volume. TPS particle size has 
the least quantity of abrasive particles per unit 
weight/volume as it consists of 10 µm, 30 µm and 
50 µm sizes of abrasive particles. As SPS 
abrasive particle size consist of maximum volume 
contain in it so that SPS particle size is giving the 
best micro-hardness value. 

6. In the figure it is shown that 12 minutes of stirring
is giving better the hardness result than the other
levels. Larger stirrer time provides the proper
distribution of the reinforced particles without
clustering of reinforcement particles in the
composite. Due to this reason, the surface
hardness value of the developed composite is
showing better result at higher value of stirrer
time.

7. Three levels i.e. 50%, 25% and 0% of brick
powders have been used for making the mold in
this study. From the figure it is observed that
maximum amount of brick powder affects the
hardness value of the composite more than the
other levels of brick powders. 50% of brick
powder for making the mold material is the
highest percentage and this high amount of brick
powder increases the permeability of the mold
due to which the surface hardness of the
composite also increases.

8. From the figure it is seen that increase in cooling
time increases the surface hardness of the
composite. Cooling time of 40 minutes is the
maximum cooling time and this cooling time is
providing the better hardness.

Taguchi Analysis of Tensile Strength 
The results of Table 2 were used for signal-to-noise 

(S/N) analysis. The S/N plot for tensile strength is 
shown in Fig 5(b).  

As per SN ratio graph 5% binder, 30% of ZrO2+ 
70% of TiO2, 10% of abrasive mixed with base alloy, 
20% of Cu mixed with AA-6063, single particle size, 
5 minutes of stirrer time, 25% brick powder for 
making the mold and 40 minutes cooling time can 
provide the better tensile strength property. The 
following reasons can be summarized:  

1. It has been already discussed that 5% of binder
provides better collapsibility and compactness of
the mould. That’s why, 5% of binder to make the
mold, gives better tensile strength.

2. The highest tensile strength value is given by 30%
of ZrO2 + 70% of TiO2 gives as the tensile
strength of TiO2 is greater than the ZrO2. As a
result this combination is showing the highest
tensile strength value.

3. Tensile strength is dependent on amount of
abrasive particle added into the base matrix if
percentage of abrasive increases tensile strength
also increases.29,30 From the figure it can be seen
that 10% of abrasive in the composite is showing
the maximum tensile strength.

4. In case of tensile strength, copper and aluminium
exhibits almost similar values. From the figure it
has been observed that increase in wt% of copper
decreases the tensile strength.

5. Particle sizes of the reinforcements are also
playing an exigent role in the manufacturing of
the composite. From the figure, it is found that
SPS is giving the higher value of the tensile
strength than DPS and TPS as SPS is having the
maximum volume of abrasive particles in the
composite and due to the proper distribution of
the particles in to the composite without any
clustering in the manufacturing of the
composite.31 It also has been found that there is a
sudden drop in case of DPS this may be because
of the presence of porosity at that level.

6. It can be seen from the figure that 5 minutes of
stirring of the reinforcement particle with the base
matrix is showing better tensile strength value than
the other two levels. It has been found that density
of the composite decreases with the increase in
stirrer time, but on the other side, higher stirrer
time helps for well scattering of the hybrid abrasive
particles in the base alloy.32 This is why tensile
strength value is showing better at minimum stirrer
time compare to the other levels. Besides increase
in stirrer time increases the probability of oxidation
of the material at high temperature.

7. The highest value of tensile strength is provided
by 25% of brick powder. The particle size of the
brick powder is 80AFS and sand grain size is
30AFS. So increase in wt% of brick powder
decreases the cohesiveness of the mold due to
which porosity increases. Refractiveness of the
mould increases with the increase in grain size.
That’s why 25% of brick powder provides the
better tensile strength. But further decrease in
grain of mould material decreases the
permeability which causes lower tensile strength.
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8. From the figure it has been found show that 
tensile strength increases with the increase in 
cooling time. 40 minutes of cooling time is the 
maximum cooling time and this cooling time is 
providing the better tensile strength. 

 
Taguchi Analysis of Compressive Strength 

The results of Table 2 were used for signal to 
noise(S/N) analysis. In Fig. 5(c) the S/N plot for 
compressive strength is shown.  

As per SN graph 5% of binder, 50% of ZrO2 + 50% 
of TiO2, 5% of abrasive mixed with base alloy,  
54% of Cu mixed with AA-6063, double particle size, 
12 minutes of stirrer time, 50% of brick powder for 
making the mold and 30 minutes cooling time can 
give the best result for the compressive strength. The 
following reasons can be summarized: 

1. It has been already discussed that 5% of binder 
provides better collapsibility and compactness of 
the mould. That’s why, 5% of binder to make the 
mold, gives better compressive strength. 

2. As the compressive strength of TiO2 and ZrO2 are 
same, 50% of ZrO2 + 50% of TiO2 gives the 
highest compressive strength value.  

3. From the literature review it has been found that 
if percentage of abrasive decreases compressive 
strength increases. From the figure, it is found 
that the minimum amount of abrasive in the 
composite is showing the maximum compressive 
strength which may be due to the clustering of the 
reinforcements in the composite. 

4. From the figure it has been observed that with the 
increase in wt% of copper the compressive 
strength of the composite is also increasing. 54% 
copper with aluminium is giving better 
compressive strength value as from the three 
levels this is the highest wt% of copper which has 
been added in the composite as compressive 
strength of copper is better than aluminium.  

5. After the investigation, it has been observed that 
DPS particle size is affecting the compressive 
strength property more than SPS and TPS. For 
same weight percentage, SPS has greater quantity 
of abrasive but in case of compressive strength 
DPS is giving better result as greater quantity may 
introduce agglomeration of the abrasive in the 
base matrix. 

6. The figure shows that 12 minutes of stirring time 
is giving the better result of compressive strength 
than the other two levels of stirring time. This is 

happening due to the distribution of abrasive 
particles into the base matrix as explained in the 
above section. 

7. Mixing of 50% of brick powder is showing better 
compressive strength value among the all three 
levels. Brick powder has greater grain size than 
the sand particles as a result permeability of 
mould increases and compressive strength 
decreases. However, 50% of brick powder shows 
better compressive strength than 25%, this is due 
to the increment of refractiveness of the mould 
which increases with the increase in grain size.  

8. The figure also shows that 35 minutes of cooling 
time is providing the highest compressive strength 
value as compared to the other two levels of 
cooling time. This may be due to the formation of 
porosity which can take place at cooling time 
beyond the limit of 35 minutes. 

 
Effect of Abrasive on Mechanical Properties  

Mixers of TiO2 and ZrO2 abrasive particles of 
different proportions and different sizes have been 
employed to get the new composites with better 
mechanical properties. The effect of adding abrasive 
particles into the base matrix has been discussed 
below: 

1. It has been found that 7.5% of hybrid abrasive 
gives the highest hardness. So addition of 
abrasive particle into the base matrix  
improves the hardness property of the composite 
material. 

2. Addition of 10% of abrasive particle is the 
maximum amount of particle reinforced into the 
base matrix which improves the tensile strength 
of the composite. 

3. Due to the addition of the abrasive particle upto a 
certain limit improves the compressive strength of 
the base matrix. 

Thus reinforcement of abrasive particle has a 
significant effect on the mechanical properties of the 
newly developed composite. 
 
Confirmation Test  

From the S/N ratio graph the optimum parameters 
settings which are mentioned in the above sections, 
one sample of the composite Al-Cu-TiO2-ZrO2 for 
one each mechanical property has been prepared and 
accordingly the experiments for the mechanical 
properties has been carried out once again. The results 
of these experiments are shown in Table 3. 
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Table 3 — Observations of confirmation test 

Hardness  
(HV) 

Tensile Strength 
(MPa) 

Compressive Strength 
(MPa) 

107.67 281.33 674.67 

 
The error percentage can be find by using the 

following formula: 

δ= | 
ఔಲିఔಹ
ఔಹ

 | × 100%  

δ= Percent error 
𝜈஺= actual value observed 
𝜈ு= highest value obtained from the table no. 2 
For these different mechanical properties (Surface 
hardness, tensile and compressive strength), the error 
percentage are 5.57%, 2.68% and 0.70% respectively. 
 
Conclusions 

Aluminium-Copper alloy composites have been 
successfully developed by combining stir casting and 
sand molding processes where sand mold was 
prepared by using starch as binder. Aluminium-
Copper alloy composites reinforced with hybrid 
abrasives ZrO2 and TiO2. Surface hardness, 
compressive and tensile strength were the output 
responses in this present work. The specimens were 
prepared and also tested by maintaining ASTM 
standards. The conclusions are as bellow: 

a) A broad range of surface hardness (79.27–101.99) 
HV, tensile strength (212–274) MPa and 
compressive strength (618–673) MPa have been 
observed from the experimental data. 

b) The percentage of copper has a strong influence 
on the mechanical properties of the composites. It 
has been observed that casting prepared with 54% 
copper exhibit better hardness value and 
compressive strength and casting prepared with 
20% of copper exhibit better tensile strength.  

c) Percentage of hybrid abrasive particle reinforced 
into the base alloy is an important factor which 
improves the mechanical properties of the 
composites. It has been noticed that 7.5% of 
reinforcement into the base alloy shows the 
highest surface hardness value and tensile 
strength whereas 5% of reinforcement gives better 
compressive strength value. However, a 
significant improvement has been observed on the 
mechanical properties of all composites due to the 
reinforcement of hybrid abrasive particles.  

d) In case of particle size of the hybride abrasive 
materials, SPS particle size shows the better 
surface hardness and tensile strength value as SPS 
has greater quantity of abrasive for same weight 
percentage. However, in case of compressive 
strength, DPS shows the better result as greater 
quantity may introduce agglomeration of the 
abrasive in the base matrix. 

e) Stirrer time and cooling time also plays an 
important role on the mechanical properties of the 
composites. It has been observed that maximum 
stirrer & cooling time, both shows the better 
result for surface hardness property and for the 
better value of tensile & compressive strength 
properties, both the stirrer and cooling time must 
be lower down. 

f) Binder and brick powder also contributes a 
significant role in preparing of aluminium-copper 
alloy composites. 5% binder and 50% brick 
powder, both was found to increase the 
mechanical properties. Due to increase in 
compactness and permeability, hardness and 
compressive strength increases whereas  
25% of brick powder gives the better tensile 
strength as greater permeability causes lower 
tensile strength. 

g) Microscopic image, SEM micro-graphs and EDS 
analysis along with the X-ray elemental mapping 
and XRD proved the existence of abrasive 
particles comprising of ZrO2 and TiO2 on the 
composite. An homogeneous distribution of 
reinforcements with fine grain structure and good 
bonding between the base alloy (AA6063-Cu) and 
hybrid reinforcement particles has been obtained 
from the micro-structural analysis.  

h) From the present study, it has also been observed 
that the surface hardness, compressive and tensile 
strength value of the Al-Cu alloy composite is 4 
to 5 times better than the base material. 

This newly developed Al-Cu-TiO2-ZrO2 composite 
can be used for electronic appliance of aeroplane. 
Besides this composite is suitable for making 
connectors and bearings. Due to better mechanical 
properties these composites are widely used for 
valves, heat exchangers and underwater parts.  
 
Acknowledgment 

The authors are very much grateful to the 
Production Engineering Department, NIT Agartala for 
extending the lab facilities, CRF of NIT Agartala and 



PODDER et al.: MICROSTRUCTURE & MECHANICAL PROPERTIES OF AL-CU-TIO2-ZRO2 COMPOSITES 
 
 

49 

also Mr. Biswanath Karmakar for his valuable 
assistance in this research work.  
 
References 
1 Wang J, Sama S R, Lynch P C & Manogharan G, Design  

and Topology Optimization of 3D-Printed Wax Patterns  
for Rapid Investment Casting. Procedia Manuf, 34 (2019) 
683–694. 

2 Sadarang J & Nayak R K, Utilization of fly ash as an 
alternative to silica sand for green sand mold casting process. 
J Manuf Process, 68 (A) (2021) 1553–1561. 

3 Khanna O P, A text book of Material science and Metallurgy, 
Dhanpat Rai Publications, (2010). 

4 Singh R, Singh S & Sahni K, Effect of double and triple 
particle size Al2O3 reinforcement on properties of aluminium 
matrix composite prepared by vacuum molding, Design Res 
Conf (IIT Guwahati, Assam) (2014) 12(1)–12(4). 

5 Jeon C-H, Jeong Y-H, Seo J-J, Tien H N, Hong S-T,  
Yum Y-J, Hur S-H & Lee K-J, Material Properties of 
Graphene/Aluminum metal matrix composites fabricated by 
friction stir processing, Int J Precis Eng Manuf, 15(6) (2016) 
1235–1239. 

6 Srivastava A K, Nag A, Dixit A R, Scucka J, Hloch S, 
Klichova D, Hlavacek P & Tiwari S, Hardness measurement 
of surfaces on hybrid metal matrix composite created by 
turning using an abrasive water jet and WED, Measurement, 
131 (2019) 628–639. 

7 Ye T, Xu Y & Ren J, Effects of SiC particle size on 
mechanical properties of SiC particle reinforced aluminum 
metal matrix composite, Mater Sci Eng A, 753 (2019)  
146–155. 

8 Nathan V B, Soundararajan R, Abraham C B & Rahman A F, 
Evaluation of mechanical and metallurgical properties 
onaluminium hybrid metal matrix composites, Mater Today: 
Proc, 18 (2019) 2520–2529. 

9 Mileiko S T, Kolchin A A, Novokhatskaya N I,  
Prokopenko N A & Shakhlevich O F, Mullite-zirconia  
fibres produced by internal crystallization method: 
Microstructure and strength properties, Composites A,  
112 (2018) 405–414. 

10 Weigelt C, Schmidt G, Aneziris C G, Eckner R, Ehinger D, 
Krüger L, Ullrich C & Rafaja D, Compressive and tensile 
deformation behaviour of TRIP steel-matrix composite 
materials with reinforcing additions of zirconia and/or 
aluminium titanate, J Alloys Compd, 695 (2017) 9–20. 

11 Akinci A, Sen S & Sen U, Friction and wear behavior of 
zirconium oxide reinforced PMMA composites, Composites: 
Part B, 56 (2014) 42–47. 

12 Khalajabadi S Z, Ahmad N, Yahya A, Yajid M A M, 
Samavatic A, Asadi S, Arafat A & Kadir M R A, The role of 
titania on the microstructure, biocorrosion and mechanical 
properties of Mg/HA based nanocomposites for potential 
application in bone repair, Ceram Int, 42(16) (2016)  
18223–18237. 

13 Qiao X, Ying T, Zheng M, Wei E, Wu K., Hu X, Gan W, 
Brokmeier H & Golovin I, Microstructure evolution and 
mechanical properties of nano-SiCp/AZ91 composite 
processed by extrusion and equal channel angular pressing 
(ECAP), Mater Char, 121 (2016) 222–230. 

14 Abbas A & Huang S-J, Investigation of severe plastic 
deformation effects on microstructure and mechanical 
properties of WS2/AZ91 magnesium metal matrix 
composites, Mater Sci Eng, 780(7) (2020) 139211. 

15 Sahoo B & Panigrahi S, A study on the combined effect of 
in-situ (TiC-TiB2) reinforcement and aging treatment on the 
yield asymmetry of magnesium matrix composite, J Alloys 
Compd, 737 (2018) 575–589. 

16 Bhatia R S & Singh K, An experimental analysis of 
aluminium metal matrix composite using Al2O3 / B4C / Gr 
particles, Int J Adv Res Comput Sci 8(4) (2017) 83–90. 

17 Jain P K, Baredar P & Soni S C, Microstructure and 
mechanical properties of silicon carbide particle reinforced 
aluminium 6101 metal matrix composite produced by  
two-step stir casting, Mater Today: Proc, 26(2) (2020)  
2740–2745. 

18 Aqeel Abbas A & Huang S-J, ECAP effects on 
microstructure and mechanical behavior of annealed 
WS2/AZ91 metal matrix composite, J Alloys Compd, 835 
(2020) 155466. 

19 Wu Q, Xu W & Zhang L, Microstructure-based modelling of 
fracture of particulate reinforced metal matrix composites, 
Composites B, 163 (2019) 384–392. 

20 Fayomi J, Popoola A P I, Oladijo O P, Popoola O M & 
Fayomi O S I, Experimental study of ZrB2-Si3N4 on the 
microstructure, mechanical and electrical properties of high 
grade A8011 metal matrix composites, J Alloys Compd, 790 
(2019) 610–615. 

21 Chakraborty S, Kar S, Dey V & Ghosh S K, Optimization 
and surface modification of Al-6351 alloy using SiC–Cu 
green compact electrode by electro discharge coating 
process, Surf Rev Lett, 24(1) (2017) 1750007. 

22 Singh R & Podder D, Experimental investigations for  
surface hardness of Sic-Al₂O₃ reinforced AMC prepared 
by combining vacuum molding and stir casting, Int J Math 
Eng Manag Sci, 8(1) (2015) 55–58. 

23 Chakraborty S, Kar S, Ghosh S K & Dey V, Parametric 
optimization of electric discharge coating on Aluminium-
6351 alloy with green compact silicon carbide and copper 
tool: A Taguchi coupled utility concept approach, Surf 
Interfaces, 7 (2017) 47–57. 

24 Nagao A, Smith C D, Dadfarnia M, Sofronis P & Robertson I 
M, The role of hydrogen in hydrogen embrittlement fracture 
of lath martensitic steel, Acta Mater, 60 (13–14) (2012) 
5182–5189. 

25 Huang J, Xia L, Youshou Z & Sinian Li, Investigation on 
brittle fracture mechanism of a grade E cast steel knuckle, 
Case Stud Eng Fail Anal, 2(1) (2014) 15–24. 

26 Kumar M R, Reddappa H N, Suresh R & Gangadharappa M, 
Investigation on hardness of Al 7075/Al2O3/SiCp hybrid 
composite using taguchi technique, Mater Today: Proc, 5 
(2018) 22447–22453. 

27 Balasubramanian I & Maheswaran R, Effect of inclusion of 
SiC particulates on the mechanical resistance behaviour of 
stir-cast AA6063/SiC composites, Mater Des, 65 (2015) 
511–20. 

28 Balak Z, Asl M S, Azizieh M, Kafashan H & Hayati R, 
Effect of different additives and open porosity on fracture 
toughness of ZrB2-SiC- based composites prepared by SPS, 
Ceram Int, 43(2) (2017) 2209–2220.  



J SCI IND RES VOL 81 JANUARY 2022 
 
 

50 

29 Nastic A, Merati A, Bielawski M, Bolduc M, Fakolujo O & 
Nganbe M, Instrumented and Vickers Indentation for the 
Characterization of Stiffness, Hardness and Toughness of 
Zirconia Toughened Al2O3 and SiC Armor, J Mater Sci 
Technol, 31(8) (2015) 773–783.  

30 Manjunath G B, Bharath K N, Ganesh D B, Kumar D G R, 
Shivprakash P & Harsha H M, ANOVA and response  
surface methodology for the optimization of fracture 
toughness parameters on jute fabric-epoxy composites  

using SENB specimens, Mater Today: Proc, 4 (2017) 
11285–11291.  

31 Singh R & Singh G, Investigations of Al–SiC AMC prepared 
by vacuum molding assisted stir casting, J Manuf Process, 
19 (2015) 142–147. 

32 Raei M, Panjepour M & Meratian M, Effect of stirring  
speed and time on microstructure and mechanical properties 
of cast Al–Ti–Zr–B4C composite produced by stir casting, 
Russian J Non-Ferr Met, 57(4) (2016) 347–360.  

 
 
 
 
 


